The effect of normothermic (36.2"C t 0.6"C) nonpulsatile cardiopulmonary bypass (CPB) on splanchnic (hepatic) blood flow (SBF), splanchnic oxygen transport (DO,,,,) and oxygen consumption (VO?), sqlanchnic lactate uptake and gastric mucosal p (pH1, gastric tonometry) was studied in 12 adults (New York Heart Association class II, ejection fraction 20.4) undergoing coronary artery surgery. SBF was estimated with the constant-infusion indocyanine green (ICG) technique using a hepatic venous catheter. DOzspl, VOZspl, and splanchnic lactate uptake were calculated using the Fick principle after the induction of anesthesia, during aortic cross-clamping, after CPB, and 2 and 7 h after admission to the intensive care unit (ICU). SBF, DOZspl, and VO +,, did not decrease during CPB but increased after ICU admission, whereas pHi decreased 7 h after ICU admission. Initial ICG extraction was 0.78, which decreased to 0.54 during aortic clamping and remained low thereafter. The increased arterial blood lactate concentrations were not associated with a decreased splanchnic lactate uptake. We conclude that normothermic CPB is not associated with deterioration in the global intestinal oxygen supply. The increase of blood lactate levels and the decrease in ICG extraction, as well as in pHi, are consistent with a systemic inflammatory response to CPB. Implications:
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This study demonstrated that normothermic cardiopulmonary bypass (at flows >2.4 L * mir-' * rn-') was not associated with deterioration in global intestinal oxygen delivery, which suggests that increased blood lactate concentrations and decreased gastric mucosal pH and indocyanine green extraction are manifestations of a systemic inflammatory response to cardiopulmonary bypass. (Anesth Analg 1998; 86:22-7) H ypothermic cardiopulmonary bypass (CPB) is associated with decreased blood flow to the gut and with a mismatch between intestinal oxygen transport and consumption (1, 2) . Intestinal tissue hypoxia is thought to result in increased blood lactate concentrations and low values of gastric intramucosal pH (3, 4) . It is currently hypothesized that the decrease in oxygen transport causes a breakdown of the mucosal barrier with ensuing translocation of bacteria across the gut mucosa, allowing endotoxin to initiate an inflammatory cascade (5). However, in the setting of cardiac surgery, another important trigger for the whole-body inflammatory response seems to be the exposure of blood to the extracorporeal circuit (6).
Recently, there has been increasing interest in normothermic CPB. Studies in animals indicate that, as with hypothermia, CPB during normothermia results in reduced intestinal blood flow, in particular mucosal blood flow (7,s). Normothermic CPB could further increase the risk of a mismatch between regional oxygen transport and oxygen consumption because of the higher metabolic rate during normothermia. It is therefore of interest to study the influence of normothermic CPB on splanchnic perfusion and oxygen metabolism without the concurrent side effects of systemic hypothermia and rewarming. In this study, we investigated the course of splanchnic oxygen transport and consumption, lactate metabolism, and pHi in humans before, during, and after normothermic CPB.
Methods
We studied 12 male patients (New York Heart Association class II) scheduled for elective coronary artery bypass surgery (Table 1) . The study was approved by the local ethics committee, and informed consent was obtained from each patient. Entry criteria for enrollment included a left ventricular ejection fraction of 22 Anesth Analg 1998; 86:22-7 ~0.4 and the absence of clinically relevant renal, pulmonary, and hepatic dysfunction as determined by the patients' history and by routine biochemical testing. The patients' usual medications, including angiotensin-converting enzyme (ACE) inhibitors (six patients) and P-blockers (eight patients), were continued until the morning of surgery, when each patient received 2 mg lorazepam and 150 mg ranitidine for oral premeditation. An additional 50 mg of ranitidine was given intravenously every 6 h during the study period. After cannulation of the radial artery, anesthesia was induced with sufentanil (2-3 pg/kg) and propofol (l-l.5 "g/kg) and maintained with a continuous infusion of sufentanil (2 pg * kg-' * h-l) and propofol (2 mg * kg-' * h-r). Muscle relaxation was achieved by intermittent administration of pancuronium. Ventilation was performed with an air/oxygen mixture, and arterial carbon dioxide tension (Pco,) was maintained at 35-45 mm Hg during mechanical ventilatory support and CPB.
In addition to a pulmonary artery catheter in its normal position, another pulmonary artery catheter was inserted into a hepatic vein under fluoroscopic guidance. Gastric pHi was measured using a nasogastric tonometer (Trip; Tonometrics Division, Instrumentarium Corp., Helsinki, Finland). Correct position was confirmed by auscultation, and the balloon was instilled with normal saline at room temperature. After an equilibration period of at least 30 min, the Pco, of saline was determined simultaneously with arterial bicarbonate concentration. Gastric intramucosal Pco, (Pica,) was determined with time correction being made according to the manufacturer's recommendations, and pHi was calculated using the Henderson-Hasselbach equation (4). Urinary bladder temperature was used to assess body temperature. Normothermic nonpulsatile CPB was conducted using a membrane oxygenator (D 703; Dideco, Milano, Italy) and a centrifugal pump (Lifestream; St. Jude Medical, St. Paul, MN). Additional features of CPB were a pump flow rate above 2.4 L * min-' * mm2 and a mean arterial pressure of more than 50 mm Hg. The pump was primed with a colloid-crystalloid solution and 30 mg/kg methylprednisolone. Cardiac standstill was induced and maintained by intermittent administration of approximately 1.5 L of cold hyperkalemic cardioplegic solution.
Cardiac output was measured in triplicate by thermodilution using 10 mL of saline at room temperature; the mean values were used for calculations. During aortic cross-clamping, pump flow was substituted for cardiac output. Blood hemoglobin saturation and hemoglobin concentration were measured using a cooximeter (OSM-3; Radiometer, Copenhagen, Denmark). Blood gas analysis and determination of Pco, of saline, obtained from the nasogastric tonometer, were performed in a blood gas analyzer (ABL-505; Radiometer). Blood concentration of lactate was measured by using a glucose-lactate analyzer (YSI 2300 Stat Plus; Yellow Springs Instrument, Yellow Springs, OH).
Hepatic blood flow was measured by means of the constant-infusion technique using a hepatic catheter (9). Immediately after the bolus injection of a 12-mg priming dose of indocyanine green dye (ICG; Pulsion Medizintechnik, Munich, Germany) into a central venous catheter, the ICG was constantly infused at a rate of 1 mg/min for 30 min. Blood for measurement of ICG concentration, oxygen saturation, blood gas tensions, and lactate concentration was simultaneously obtained after 20 and 30 min of ICG infusion from the radial artery, the hepatic vein, and the distal port of the pulmonary artery catheter. During bypass, mixed venous blood was drawn from the venous line of the extracorporeal circuit. The plasma ICG concentration was determined spectrophotometrically at an 804~nm wavelength corrected for plasma turbidity (10).
Oxygen content was calculated using an equation in which 1.39 was multiplied by hemoglobin concentration and oxygen saturation plus dissolved oxygen. Systemic oxygen delivery was then derived as the product of cardiac output or pump flow and arterial oxygen content. Splanchnic blood flow was assumed to equal hepatic blood flow. Splanchnic oxygen delivery was calculated as the product of splanchnic blood flow and arterial oxygen content. Systemic oxygen consumption was calculated from the arterial minus venous oxygen content difference and cardiac output or pump flow, as appropriate. Splanchnic oxygen consumption was calculated from the arterial minus hepatic venous oxygen content difference and splanchnit blood flow. ICG extraction was calculated from the arterial minus hepatic venous ICG concentration difference divided by the arterial ICG concentration. Splanchnic lactate uptake was calculated as the hepatic venous minus the arterial lactate concentration multiplied by the effective hepatic blood flow. To estimate the contribution of the hepatic lactate efflux (hepatic venous lactate concentration multiplied by the effective hepatic blood flow) to the systemic lactate flux (mixed venous lactate multiplied by cardiac output), the ratio between the two was used. An increase in this ratio would indicate that an increase in mixed ANESTHESIA HAISJACKL ET AL. SI'LANCHNIC OXYGEN 1998;86:22-7 Values are presented as mean % SD and are expressed as mL . min-' . m-', except for She,, which is expressed as a percentage. CPB = cardiopulmonary bypass, ICU = intensive care unit, DO,,,, = systemic oxygen transport index, VO,,,, = systemic oxygen consumption index, SBF = splanchnic blood flow index, DO,,,, = splanchnic oxygen transport index, VO,,,, = splanchnic oxygen consumption index, She, = hepatic venous oxygen saturation.
* P < 0.05 compared with pre-CPB values.
venous lactate concentration could at least be partly explained by a raised lactate flux leaving the liver.
The following parameters were obtained after the induction of anesthesia, during aortic cross-clamping, after CPB, and 2 and 7 h after admission to the intensive care unit (ICU): body temperature; arterial, mixed venous, and hepatic venous ICG and lactate concentrations; systemic and splanchnic oxygen transport; systemic and splanchnic oxygen consumption; splanchnic lactate uptake; gastric mucosal pHi; and Pica,.
Results are presented as means ? SD. Adjustments according to body surface area were made as appropriate. For comparison of consecutive values, the Friedman two-way analysis of variance for repeated measurements was used. In the event of significance, the Wilcoxon signed rank test with Bonferroni's correction was applied to analyze differences compared with baseline values. A P value co.05 was considered statistically significant.
Results
All patients had an uncomplicated clinical course and were discharged from the ICU within 20 h after admission. Three patients required dobutamine after bpass for short-term inotropic support (3-5 pg * kg -7. min-l).
Normothermia was maintained during surgery, and body temperature remained constant at 36.2"C + 0.6"C. However, 2 and 7 h after ICU admission, body temperature rose significantly to 37.1"C + 0.5"C and 37.3"C ? 0.5"C, respectively. Table 2 shows the results of systemic oxygen transport and consumption, splanchnic ,blood flow, splanchnic oxygen transport, and oxygen consumption, and hepatic venous oxygen saturation. Results of arterial lactate, mixed venous lactate, and hepatic venous lactate concentrations; arterial blood gas analyses; gastric mucosal Pco,; and pHi are presented in Table 3 . Gastric mucosal pHi was 7.36 + 0.05 before CPB and decreased constantly during the observation period, but this did not become significant until 7 h after ICU admission (P < 0.05, Table 3 ). Gastric mucosal Pco, was significantly higher post-CPB and 7 h after admission to the ICU, whereas the gradient between gastric mucosal Pco, and arterial Pco, did not change significantly.
Results of splanchnic lactate uptake and ICG extraction are presented in Figure 1 . ICG extraction was 0.78 + 0.07 before bypass. After the initiation of CPB, a significant decrease to 0.54 + 0.1 (P < 0.05) was observed. Hepatic venous lactate concentrations were lower than mixed venous lactate concentrations in all patients. Splanchnic lactate uptake increased from a baseline value of 0.093 + 0.05 mmol * min-' . m-' to 0.183 +-0.056 mmol * min-' * m-' during aortic crossclamping and further to 0.395 ? 0.204 mmol . mir-' * m-* 7 h after admission to the ICU (Figure 1) . The ratio between hepatic venous lactate efflux and systemic venous lactate flux was 0.14 t 0.05 and did not change during the observation period. This ratio indicates that 14% of the mixed venous lactate was accounted for by lactate leaving the liver.
Discussion
The main findings of this study are that normothermic CPB was associated with preserved splanchnic oxygen transport and that splanchnic lactate uptake increased, whereas hepatic ICG extraction decreased, after initiation of extracorporeal circulation.
The preserved intestinal perfusion contrasts with results obtained in animal experiments with normothermic CPB. Mathie et al. (8) observed a 57% reduction in total liver blood flow during nonpulsatile perfusion in dogs. In their study, extracorporeal circulation was associated with hemodilution and a pump flow of less than 50% of prebypass cardiac output, which suggests that intestinal blood flow and oxygen transport conceivably decreased during CPB. A dependency of regional perfusion on pump flow was also demonstrated by Mackay et al. (7) . High pump flow was associated with maintained intestinal perfusion in their model of normothermic CPB. As in the study of Mathie et al., gut oxygen delivery was reduced by significant hemodilution. This was associated with a 1998;86:22-7 CARDIOVASCULAR ANESTHESIA decrease in portal venous blood oxygen saturation and ileal mucosal blood flow. In our investigation, systemic and hepatic oxygen transport were well maintained, and there was no change in hepatic venous oxygen saturation. Considering the preserved global splanchnic hemodynamic state, an imbalance between intestinal oxygen supply and demand was unlikely to occur. However, the method we used in our study does not permit assessment of perfusion adequacy at a microcirculatory level. Therefore, the presence of regional tissue hypoxia cannot be ruled out, because simultaneous shunting of blood through nonnutrient vessels might be associated with normal or even increased venous oxygen saturation.
Treatment with ACE inhibitors and P-adrenergic antagonists is frequent in patients with coronary artery disease. Both drugs could have influenced the response of intestinal blood flow to CPB; however, little is known about their effects on perioperative changes in intestinal perfusion in cardiac patients. Extrapolation of data obtained in animal experiments favors splanchnic blood flow preservation with ACE inhibitors, because it has been shown that during hemorrhage and thermal injury, splanchnic blood flow is maintained after pretreatment with ACE inhibitors (11, 12) . This effect may, however, be inconsistent, because in healthy volunteers, ramipril did not interfere with the adaptive splanchnic vascular responses during orthostatic stress simulated by lower-body negative pressure (13). P-Adrenergic antagonists reduce splanchnic blood flow and are used to decrease portal hypertension in patients with hepatic cirrhosis. Thus, P-blockers are likely to have an impact on intestinal blood flow even in normal subjects. It has been shown in animals without portal hypertension that treatment with P-blockers decreases intestinal blood flow proportionally to the decrease in cardiac output (14). In dogs, superior mesenteric artery blood flow exhibited a considerable dose-dependent increase in response to isoproterenol (15). These effects could be blocked by propanolol and reduced by alprenolol, incriminating p-stimulation as a mechanism for splanchnic blood flow regulation. Despite a possible influence of ACE inhibitors and P-blockers, the overall response to normothermic CPB CARDIOVASCULAR ANESTHESIA 1998;86:22-7 in our study seemed to be preservation of global splanchnic blood flow.
Three patients required dobutamine after CPB for short-term inotropic support, which could have affected the results of the study. The influence of dobutamine on splanchnic blood flow remains controversial. Improvement in splanchnic oxygenation is supported by the results of Silverman and Tuma (16), who found that the infusion of dobutamine at a rate of 5 pg * kg-i * mini increased a pathologically reduced pHi. The addition of dobutamine after volume substitution did not influence the distribution of blood flow to the splanchnic region in septic pigs (17). Measurements of mucosal oxygenation in endotoxintreated pigs did not reveal an increase in jejunal mucosal oxygen tension or mucosal oxygen saturation, despite an increase in systemic oxygen transport (18). Although the application of dobutamine in the postoperative period might have influenced intestinal microcirculation, recent data obtained in animals do not favor this view. Furthermore, none of these drugs was given during extracorporeal circulation, and the preservation of global intestinal oxygen transport during CPB was independent of the events after CPB.
It has been proposed that pHi reflects gastric mucosal blood flow, although factors other than intestinal perfusion may influence pHi (4, 19, 20) . In our study, a significant decrease in pHi did not occur until several hours after admission to the ICU. This finding would argue for a preserved intestinal mucosal oxygen supply during and immediately after CPB. After admission to the ICU, pHi decreased despite an elevated splanchnic blood flow, which could be indicative of an imbalance between mucosal oxygen supply and demand. Similar to our study, Uusaro et al. (21) observed that pHi did not reflect changes in global splanchnic blood flow and oxygen delivery after cardiac surgery. The authors suggested that heterogeneous or inadequate blood flow distribution within the splanchnic region or the use of catecholamines was responsible for the decrease in pHi (21). Measurement of intraluminal Pco, has been proposed to be more specific because it assesses the difference between Pco, and gastric mucosal Pco, to correct for abnormal Pco, values (20) . In our study, intraluminal carbon dioxide tension increased after the initiation of CPB, but the gradient between gastric intraluminal and arterial carbon dioxide tension did not change significantly during the observation period. This would argue against impaired intestinal perfusion. Therefore, mechanisms other than mucosal oxygen transport must be considered when attempting to explain the observed decrease in pHi.
Among the mediators liberated in the setting of CPB, complement anaphylatoxins, vasoactive amines (such as histamine), and cytokines (such as tumor necrosis factor), can increase microvascular permeability. CPB is associated with increased endotoxin and cytokine levels with an ensuing systemic inflammatory response (22). In pigs, an infusion of lipopolysaccharide led to an increase in intramucosal hydrogen ion concentration, although mucosal perfusion did not change significantly (19) . Lactic acidosis is common in critically ill patients, especially after impaired tissue oxygen delivery. The increase in blood lactate concentrations observed in patients undergoing cardiac surgery has been attributed, in part, to intestinal lactate production, as suggested by increased venous lactate concentrations after CPB (3). In our patients, hepatic venous lactate concentrations were increased after CPB, but mixed venous lactate levels were higher than hepatic venous lactate levels. Despite increased lactate concentrations, hepatic lactate uptake increased during the observation period. Therefore, the changes in blood lactate concentrations cannot be explained simply on the basis of intestinal lactate overflow.
Lactic acidosis may also occur in a variety of other settings not directly related to tissue oxygen delivery. The administration of endotoxin to dogs resulted in the development of significant lactic acidosis although whole-body, limb, and gut oxygen transport levels remained above reported critical values (23). Because therapy with dichloracetate reversed this lactate acidosis but did not affect oxygen consumption, the authors suggested that the elevated arterial lactate levels were caused by pyruvate dehydrogenase inhibition rather than by tissue hypoxia. Similar to our study, an increase in hepatic lactate consumption was observed in volunteers after infusion of endotoxin (24). This raises the question of whether a systemic inflammatory response might have been responsible for the increased hepatic lactate turnover and increased lactate levels in our patients.
ICG has been used extensively to evaluate the hepatic blood flow (21, 25) . The dynamics of intravenously administered ICG is a function of its rate of hepatic removal and biliary excretion. Because there is no appreciable extrahepatic removal of dye, the decrease in ICG extraction from baseline values of 78% to 54% observed in our study after the initiation of CPB indicates an altered liver function. It is well established that sepsis induces changes in ICG removal and excretory liver function. Ruokonen et al. (25) measured ICG extraction in septic patients and obtained values of 48.5%, compared with 78% in patients without sepsis. Interestingly, this difference in ICG extraction is similar to the decrease in ICG extraction that we observed in our study.
In conclusion, normothermic CPB in humans does not seem to be associated with a decrease in hepatic blood flow, splanchnic oxygen transport, and consumption, as estimated by the constant-infusion ICG 
